Burkholderia pseudomallei is the causative agent of melioidosis. Burkholderia thailandensis is a closely related species that can readily utilize L-arabinose as a sole carbon source, whereas B. pseudomallei cannot. We used Tn5-OT182 mutagenesis to isolate an arabinose-negative mutant of B. thailandensis. Sequence analysis of regions flanking the transposon insertion revealed the presence of an arabinose assimilation operon consisting of nine genes. Analysis of the B. pseudomallei chromosome showed a deletion of the operon from this organism. This deletion was detected in all B. pseudomallei and Burkholderia mallei strains investigated. We cloned the B. thailandensis E264 arabinose assimilation operon and introduced the entire operon into the chromosome of B. pseudomallei 406e via homologous recombination. The resultant strain, B. pseudomallei SZ5028, was able to utilize L-arabinose as a sole carbon source. Strain SZ5028 had a significantly higher 50% lethal dose for Syrian hamsters compared to the parent strain 406e. Microarray analysis revealed that a number of genes in a type III secretion system were down-regulated in strain SZ5028 when cells were grown in L-arabinose, suggesting a regulatory role for L-arabinose or a metabolite of L-arabinose. These results suggest that the ability to metabolize L-arabinose reduces the virulence of B. pseudomallei and that the genes encoding arabinose assimilation may be considered antivirulence genes. The increase in virulence associated with the loss of these genes may have provided a selective advantage for B. pseudomallei as these organisms adapted to survival in animal hosts.
Burkholderia pseudomallei is an environmental saprophyte that has been isolated widely from soil in Southeast Asia, and the relationship between environmental contamination and clinical melioidosis has been established. White and colleagues reported that two distinct types of B. pseudomallei, differentiated by the ability to assimilate L-arabinose but with similar morphologies and antigenicities, could be isolated from soil in Thailand and that the arabinose assimilation property of B. pseudomallei was one of the determinants indicating virulence of this organism (31) . Subsequently, our investigators designated the arabinose-positive B. pseudomallei biotype as a separate species, Burkholderia thailandensis, based upon a number of significant genetic and phenotypic dissimilarities between B. pseudomallei and B. thailandensis, including differences in 16S rRNA, arabinose assimilation, ethanol assimilation, and secreted protein profiles (8) .
Ongoing discussions surround the evolutionary relationships among the Burkholderia spp., particularly regarding the origins of B. thailandensis, B. pseudomallei, and B. mallei and their relationships to one another. The most prevalent view is that B.
pseudomallei and B. thailandensis evolved from a common ancestor, probably a soil saprophyte. Spratt and colleagues have recently proposed that B. mallei is a clone of B. pseudomallei, based upon results from multilocus sequence typing of a large number of B. pseudomallei strains but only a small number of B. mallei strains (17) . Thus, it is conceivable that B. mallei could have evolved from B. pseudomallei. What is clear, however, is that B. pseudomallei and B. mallei are significant pathogens while B. thailandensis is not, and neither B. pseudomallei nor B. mallei assimilates arabinose.
In the present studies, we provide experimental data that arabinose assimilation is an antivirulence property, and the genes encoding arabinose assimilation should be termed antivirulence genes. Maurelli and colleagues initially defined the concept of gene loss in the evolution of bacterial pathogens from commensals as a mechanism of fine-tuning pathogen genomes for maximal fitness in new host environments (22) . In our studies, we have examined the nature of the genes comprising the B. thailandensis arabinose assimilation operon and how deletion of these genes has contributed to the evolution of B. pseudomallei and B. mallei as pathogens.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Bacterial strains and plasmids used in this study are described in Table 1 . In addition to those listed in Table 1 , the following B. pseudomallei strains were used: K96243, 1026b, 576, E8, E12, E13, 112c, 238, 295, 296, 713, and 730. Additional B. thailandensis strains included E27, E30, E32, E96, E100, E105, E111, E120, E125, E132, and E135. Additional B. mallei strains included NCTC 10248, NCTC 10229, NCTC 10260, NCTC 10247, NCTC 120, and ATCC 23344. Bacterial strains were routinely grown at 37°C in Luria-Bertani broth (LB) or on LB agar plates. In some cases M9 broth (Difco) or M9 agar was used with filter-sterilized carbon sources added to a final concentration of 0.4 or 1.0%. Bacteria used for microarray analysis were grown in M9 supplemented with the appropriate carbon source at 1.0% and harvested during exponential growth. Antibiotics were used at the following concentrations for B. pseudomallei and B. thailandensis: polymyxin B (PXB), 100 g/ml; gentamicin (GEN) and kanamycin, 25 g/ml; and tetracycline (TET), 50 g/ml. For Escherichia coli the following antibiotics were used: ampicillin and carbenicillin, 100 g/ml; GEN and kanamycin, 25 g/ml; and TET, 15 g/ml.
Tn5-OT182 mutagenesis and isolation of an L-arabinose utilization mutant. To identify genes involved in arabinose utilization, B. thailandensis E264 was mutagenized with Tn5-OT182 (12) , and mutants unable to grow using L-arabinose as a sole carbon source were identified. Tn5-OT182 mutagenesis was performed as previously described, except that transposon mutants were selected on LB agar containing PXB and TET. Mutants were subsequently replica plated to LB-TET and M9-TET-arabinose agar plates. Colonies unable to grow on arabinose plates were tested for growth on M9-glucose to eliminate mutants which were generally defective in carbohydrate metabolism. One mutant, RM600, was isolated that was able to grow on LB and M9-glucose but not on M9-arabinose.
DNA sequencing and analysis. DNA flanking the Tn5-OT182 integration in RM600 was isolated by self-cloning and was sequenced by the University Core DNA Services (University of Calgary, Calgary, Alberta, Canada) and by ACGT, Inc. (Northbrook, Ill.). BLAST analysis (1) of the sequenced DNA was performed using programs provided by the National Center for Biotechnology Information.
Construction of pGSV3 insertional inactivation mutants. Specific arabinose assimilation operon genes were insertionally inactivated using the GEN-resistant suicide vector pGSV3 (Table 1) (10) . Typically, an approximately 500-bp internal region of the target gene was PCR amplified and cloned into pCR2.1-TOPO (Invitrogen). The cloned fragment was excised using EcoRI, gel purified, and ligated into EcoRI-restricted, calf intestinal phosphatase (CIP)-treated pGSV3. A portion of the ligation was transformed into chemically competent E. coli TOP10 cells, and cells were plated onto LB-GEN selective medium. Transformants were screened for the pGSV3-containing insert, and plasmid DNA from positive clones was then used to transform E. coli SM10pir. Plasmids were then conjugated into B. thailandensis DW503, and transconjugants with pGSV3 integrated in the chromosome via homologous recombination were selected on LB-GEN-PXB medium. Confirmation of the proper insertional inactivation event was performed by PCR with one of the primers originally used to amplify the internal fragment and a primer internal to pGSV3.
Construction of pGSV3-lux and lux fusions. The lux-based suicide vector pGSV3-lux was constructed by excising the lux operon from pCS26-Pac and ligating it into the NotI Site in pGSV3. pCS26-Pac was digested with NotI and electrophoresed on a 1% agarose gel. A 5.8-kb band corresponding to the lux operon was excised from the gel, purified, and ligated into NotI-digested, CIPtreated pGSV3. The ligation mix was used to transform chemically competent E. coli TOP10 cells, and transformants were subsequently screened for lux-mediated light production to identify clones containing a functional lux operon. Light production was measured from 200 l of cells using a SystemSure luminometer ). The orientation of the lux operon was determined using PCR. lux fusions were constructed in a similar manner as the pGSV3 insertional inactivation mutants. An internal region of approximately 500 bp was PCR amplified from the sequence encoding arabinose dehydogenase (araE) and the sequence encoding ␣-ketoglutarate semialdehyde dehydrogenase (␣-KSAD; araC) and cloned into pCR2.1-TOPO. The PCR products were excised from pCR2.1-TOPO and ligated into EcoRI-digested, CIP-treated pGSV3-lux as described above and transformed into E. coli SM10pir. Conjugations with E. coli SM10pir(pRM602Int) and E. coli SM10pir(pRM601Int) with B. thailandensis DW503 were performed, and transconjugants were selected on LB-GEN-PXB agar. Transconjugants were screened for lux-mediated light production by assaying 200 l of overnight broth cultures of individual colonies. Cultures which displayed light production were then tested for insertion of pGSV3-lux into the target gene using PCR as described above. Representative mutants RM601 and RM602 were chosen for further study.
Induction of arabinose dehydrogenase and ␣-KSAD in B. thailandensis. Fivehundred-milliliter flasks containing 50 ml of LB broth were inoculated with 1 ml of an overnight culture of RM601 or RM602 grown in LB broth. The cultures were allowed to grow for 3 h, at which point glucose alone, glucose and arabinose, or arabinose alone was added to a final concentration of 0.2%. Optical density at 600 nm and lux-mediated light production were measured hourly for 6 h.
Construction of B. pseudomallei SZ5026 and SZ5028. The construction of B. pseudomallei strains harboring arabinose genes from B. thailandensis E264 DNA integrated into their chromosomes is shown schematically in Fig. 5 , below. The transcriptional regulator gene (araA) from the B. thailandensis arabinose assimilation operon was PCR amplified. A 1,133-bp PCR product was generated with primers ARA2 and ARA6 and E264 chromosomal DNA. This PCR product was cloned into pCR2.1-TOPO (Invitrogen) and then cloned as an EcoRI fragment into the mobilizable suicide vector pSKM11 to produce the plasmid pDD157. E. coli TOP10(pDD157) was conjugated to B. thailandensis E264 using the triparental mating protocol described below. The resulting B. thailandensis strain DD5026 was generated by integrating pDD157 into the E264 chromosome. The plasmid pDD5026H containing pSKM11 and the entire arabinose assimilation operon from B. thailandensis was obtained by self-cloning with the restriction enzyme HindIII, which acts outside of the arabinose assimilation operon (see Fig. 5 ). This plasmid was transformed into E. coli TOP10 and conjugated into B. pseudomallei 406e to produce an arabinose-utilizing strain of B. pseudomallei. The resulting arabinose-utilizing strain, B. pseudomallei SZ5028, was obtained after integration of pDD5026H into a homologous region of the 406e chromosome (see Fig. 5 ).
Conjugal transfer of plasmids pDD157 and pDD5026H into B. pseudomallei. The strains E. coli TOP10(pDD157) and E. coli TOP10(pDD5026H) were mated with B. pseudomallei using a triparental mating procedure. Briefly, 200 l of an overnight culture of E. coli HB101(pRK2013), B. pseudomallei 406e, and either E. coli TOP10(pDD157) or E. coli TOP10(pDD5026H) was centrifuged separately at 1,600 ϫ g for 1 min and washed two times with sterile phosphatebuffered saline (PBS) (13) . Each pellet was resuspended in a final volume of 100 l of PBS, and the three resuspended pellets, corresponding to the mating being performed, were combined into one microcentrifuge tube and mixed well. The entire mixture was spread onto an LB-10 mM MgSO 4 plate, and the plate was incubated at 37°C for 24 h. The next day, bacteria were scraped off the plate and resuspended in 1 ml of PBS, and 100-l aliquots were plated onto LB plates containing PXB (100 g/ml) and TET (50 g/ml) and incubated at 37°C for 48 h. The Px r Tc r transconjugants were then plated on M9 medium containing 0.4% arabinose as the sole carbon source to determine if the conjugations resulted in an arabinose-utilizing strain of B. pseudomallei.
Utilization of arabinose by B. pseudomallei and B. thailandensis. Bacteria were inoculated from LB plates into M9 medium containing 0.4% arabinose as the sole carbon source or onto M9 plus 0.4% arabinose plates. After 24 and 48 h of growth at 37°C with shaking, the absorbance values (optical density at 600 nm [OD 600 ]) of the M9 plus 0.4% arabinose cultures were determined. Growth on arabinose plates was determined following incubation of the plates at 37°C for 48 h.
PCR amplification. The araA gene was amplified from B. thailandensis E264 chromosomal DNA via PCR. The oligodeoxyribonucleotide primers used for the amplification of araA were ARA6 (5Ј-GAATCTGAGCGCAGCTATTG-3Ј) and ARA2 (5Ј-CATGGGTGCCGAACCATTGG-3Ј). PCR amplification was performed in a 50-l reaction mixture containing 1ϫ HotStarTaq PCR Master mix (QIAGEN, Missiauga, Ontario, Canada), 1ϫ Q-solution (QIAGEN), a 0.5 M concentration of each primer, and 100 ng of genomic DNA. The mixture was placed in a GeneAmp PCR system 9600 (Perkin-Elmer Cetus) thermal cycler and subjected to a 5-min denaturation step at 95°C followed by 30 cycles of 95°C for 45 s, 56°C for 30 s, and 72°C for 90 s. The reaction mixture was held at 72°C for 10 min and then placed at 4°C until analyzed on a 1% agarose gel. ARA1 (5Ј-ACGACGACGTCGAGCTTGTC-3Ј) and ARA3 (5Ј-CGACGAAGCCGA CGATGTTG-3Ј) were used to amplify the deletion termini of the arabinose utilization genes of B. pseudomallei K96243 and B. mallei ATCC 23344. A PCR experiment was performed to confirm the integration of pDD5026H (arabinose assimilation operon) into the B. pseudomallei SZ5028 chromosome. ARA6 and ARA2 primers were used to amplify the 1,136-bp araA gene from B. pseudomallei SZ5026 and SZ5028 and B. thailandensis E264. B. pseudomallei 406e was used as a negative control. The primers ARA-F (5Ј-GCGGTACCGAATCTGAGCG CAGCTATTG-3Ј) and ARA-R2 (5Ј-GCGGTACCTGCCATCGGCGATTTGT AAT-3Ј) were used to amplify the entire arabinose operon from B. pseudomallei SZ5028 and B. thailandensis E264. B. pseudomallei SZ5028 and 406e were used as negative controls. Long-distance PCR was performed using the FailSafe PCR PreMix selection kit (EpiCenter, Madison, Wis.). Reaction mixtures were cycled in a GeneAmp PCR system 9600 thermal cycler and subjected to a 2-min denaturation step at 95°C followed by 30 cycles of 95°C for 45 s, 59°C for 45 s, and 72°C for 1 min/kb of expected PCR product. The reaction mixture was held at 72°C for 10 min and then held at 4°C until analyzed.
DNA manipulation. Restriction enzymes and T4 DNA ligase were purchased from Invitrogen Life Technologies (Burlington, Ontario, Canada) and New England BioLabs (Mississauga, Ontario, Canada) and used according to the manufacturers' instructions. Chromosomal DNA was isolated using a Wizard genomic DNA purification kit (Promega Corporation, Madison, Wis.). Plasmid DNA was isolated using a QIAprep Spin miniprep kit (QIAGEN). DNA fragments used in cloning procedures were excised from agarose gels and purified using a QIAGEN gel extraction kit. PCR products were cloned into pCR2.1-TOPO using the TOPO TA cloning kit and chemically competent E. coli TOP10 cells (Invitrogen Life Technologies) according to the manufacturer's instructions. The self-cloning of DNA from Tn5-OT182 mutants and from the insertion of pDD157 in B. thailandensis DD5026 was performed as described previously (14) .
Animal studies. The animal model of acute B. pseudomallei infection has been previously described (11) . Bacteria were grown overnight in LB broth and LB plus 0.4% arabinose with 50 g of TET/ml for B. pseudomallei SZ5026 and SZ5028 at 37°C with shaking. The following day, 3 ml of medium was inoculated with 100 l of the overnight cultures, and the bacteria were grown to logarithmic phase (4 to 5 h). The OD 600 values were determined, and the cultures were adjusted to an OD 600 of approximately 0.55 (5 ϫ 10 8 CFU/ml). Serial dilutions of the cultures were prepared in sterile PBS, and female hamsters 6 to 8 weeks old were inoculated intraperitoneally with 100 l of bacteria corresponding to inoculum sizes of 10, 50, 100, and 1,000 CFU. Hamsters were also injected intraperitoneally with 1 mg (100 l of a 10-mg/ml solution) of TET at time zero and at 24 h to ensure the stability of the plasmids pDD157 and pDD5026H integrated in the B. pseudomallei chromosome. After 48 h, the 50% lethal dose (LD 50 ) values were calculated (27) .
Microarray analysis: total RNA isolation. Total bacterial RNA was isolated from liquid culture using the RNAwiz reagent (Ambion Inc.) with some modifications. Prior to harvesting the cells, RNAlater solution (Ambion Inc.) was added to the broth culture (1:100 [vol/vol]), in order to protect the RNA from degradation. Bacteria were collected by centrifugation at 3,000 ϫ g for 5 min at 4°C. One milliliter of RNAwiz reagent was added to the cell pellet (approximately 10 10 cells), mixed thoroughly by pipetting, and incubated at room temperature for 5 min. Chloroform (0.5 ml) was added to the tube, mixed thoroughly, and incubated at room temperature for 10 min. The tube was centrifuged at 13,000 rpm for 15 min at 4°C. After centrifugation, the mixture was separated into three phases. A 350-l aliquot of the upper aqueous phase was transferred to a new tube and diluted with 150 l of RNase-free distilled water. The RNA was then precipitated by adding 1 ml of isopropanol and incubated at room temperature for 10 min. The tube was centrifuged at 13,000 rpm for 15 min at 4°C. The RNA pellet was washed once in 1 ml of cold 75% ethanol and centrifuged at 13,000 rpm for 5 min. The RNA pellet was dried at room temperature. The pellet was resuspended in 30 l of the RNase-free distilled water and treated with DNase I (DNA-free; Ambion Inc). The RNA concentration was quantified by using a spectrophotometer, and samples were electrophoresed in a formaldehyde agarose gel to confirm the quantity and quality of RNA. RNA was considered suitable for microarray analysis if the A 260/ A 280 ratio was greater than 1.8.
Labeling of the samples. Equal amounts of total RNA (3 to 10 g) from two RNA samples (under different growth conditions) were mixed separately with an equal amount of the random hexamer, pd(N) 6 (Amersham Bioscience), and the total volume was adjusted to 15 l with RNase-free distilled water. The mixture was incubated at 70°C for 10 min and was maintained on ice. The cDNA was generated in a reverse transcription reaction using 100 U of StrataScript reverse transcriptase, 2 l of 10ϫ StrataScript reaction buffer, 1 l of 20ϫ deoxynucleoside triphosphate mix with an amino allyl dUTP, 1.5 l of 0.1 M dithiothreitol, and 0.5 l of a 40-U/l solution of RNase block (Stratagene Inc.). The reaction mixture was incubated at 48°C for 1.5 h. The amino allyl-labeled cDNA was treated with 10 l of 1 M NaOH and incubated at 70°C for 10 min to hydrolyze the RNA strand. A 10-l aliquot of 1 M HCl and 4 l of 3 M sodium acetate (pH 4.5) were added to the mixture to equilibrate the pH. The cDNA was precipitated by adding 1 l of a 20-mg/ml solution of glycogen and 100 l of cold 95% ethanol and incubating at Ϫ20°C overnight. The tube was centrifuged at 13,000 rpm for 15 min at 4°C. The supernatant was carefully removed, and the cDNA pellet was washed once in 0.5 ml of cold 70% ethanol followed by centrifugation for 5 min at 4°C. The supernatant was carefully removed, and the pellet was left to dry at room temperature. The cDNA was resuspended in 5 l of 2ϫ coupling buffer (Stratagene Inc.) and incubated at 37°C for 10 min. The two cDNA samples were labeled separately with 5 l of either Cy3 or Cy5 (Cy TM3 and Cy TM5 monofunctional dyes; Amersham Bioscience) and incubated in the dark at room temperature for 30 min before further purification. The uncoupled dye was removed from the fluorescent dye-labeled cDNA by using a microspin cup and DNA binding solution (Stratagene Inc.). The eluate from the microspin cup (50 l) was reduced to approximately 3 l by vacuum centrifugation.
Hybridization. Each of the Cy3-and Cy5-labeled cDNA samples was diluted with 9 l of DIG Easy Hyp solution (Roche Inc.) containing 5% (vol/vol) each of yeast tRNA and salmon sperm DNA as the blocking agents. Both hybridization solutions were combined and mixed carefully by pipetting and then heated at 95°C for 3 min. The hybridization solution was left to cool at room temperature and mixed thoroughly by centrifugation.
The hybridization was performed with 35-mer oligo microarray slides. The slides contained 200 genes, and each gene had four replicated spots. A wholegenome B. mallei open reading frame array was also used for microarray analysis. To use the array for B. pseudomallei samples, we compared the amplicon sequences representing the 5,244 genes in the array to the identified open reading frames in the B. pseudomallei genome using Blastn (WU-BLAST; Washington University). We selected a total of 4,375 sequences that matched at over 90% identity (average, ϳ99%) to a single B. pseudomallei gene over its full length. Only the data from the microarray spots of these amplicons were used for this study.
The hybridization solution was applied onto the microarray and covered with a plastic coverslip (Hybri-Slips; Sigma Corp.). The slide was incubated at 42°C in a slide hybridization chamber (Boekel Scientific) for 18 h. Following incubation, the slide was washed with three solutions: solution 1, 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and 0.2% sodium dodecyl sulfate (SDS) for 4 min; solution 2, 0.2ϫ SSC for 1 min; solution 3, 0.1ϫ SSC for 1 min at room temperature. The slide was spin dried in a centrifuge at 550 rpm for 5 min and scanned immediately. 
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Biotech Canada Inc.). The fluorescence signals were quantified using the QuantArray microarray analysis software (Packard Bioscience). Normalization and data analysis were performed with the GeneTraffic software (Iobion Informatics).
The whole-genome hybridized slides were scanned using the Axon GenePix 4000B microarray scanner, and the independent TIFF images from each channel were analyzed using TIGR Spotfinder (The Institute for Genomic Research  [TIGR] , Rockville, Md. [http://www.tigr.org/software/]) to obtain relative expression levels. Data from TIGR Spotfinder (28) were stored in AGED, a relational database designed to effectively capture and store microarray data.
Data were normalized using LOWESS local regression implemented in the MIDAS (28) software tool (TIGR [http://www.tigr.org/software/]). All calculated gene expression ratios were log 2 transformed and averaged over dye-swapped arrays and again averaged over the biological replicate sets. Differentially expressed genes at the 95% confidence level were determined using intensitydependent Z-scores (with Z ϭ 1.96) as implemented in MIDAS.
Northern blot analysis. Equal amounts (between 3 and 10 g) of total RNA from different growth conditions used in the microarray studies were denatured at 95°C and electrophoresed onto a 1.2% formaldehyde agarose gel in 1ϫ MOPS buffer (0.4 M morpholinopropanesulfonic acid, 0.1 M sodium acetate, 10 mM EDTA; pH 7.2) at 100 V for 45 min. RNA was transferred to GeneScreen hybridization membranes (NEN Life Science Products) using a vacuum blotter (Bio-Rad) as per the manufacturer's instructions. Following transfer, the membrane was baked at 80°C for 2 h. Seven DNA probes (two genes of the type III secretion system [TTSS], bsaN and bsaP; the araC gene of the arabinose operon; and four selected genes, bpss0766, bpss0769, bpss0780, and bpss0782) located in the flanking regions of the inserted arabinose operon were obtained by PCR amplification of the following primers: bsaN primers, 5Ј-CGCGATGTCCCATGCCGTTT-3Ј and 5Ј-GACGC GAAGCCGTTGCTCAT-3Ј; bsaP primers, 5Ј-TGCGCGATTTCATCCGGCA G-3Ј and 5Ј-CCACAGCGACAGCTCGATCT-3Ј; araC primers, 5Ј-TGCGACC TCGACTTC-3Ј and 5Ј-TCGTCAGTGCGTCCT-3Ј; bpss0766 primers, 5Ј-GCG TGAGGGCTTTCTCGAA-3Ј and 5Ј-CTGCTCCATGTGATCGCGAT-3Ј; bpss0769 primers, 5Ј-TTCCCGACGAAACGATTCCG-3Ј and 5Ј-ATCGGATC GTCGAACGCATG-3Ј; bpss0780 primers, 5Ј-TCGACAGACGGATGCTGAT C-3Ј and 5Ј-ACGATTCCTCGCGATAGAGC-3Ј; bpss0782 primers, 5Ј-TCGA GTTTCGCGATGCTCGT-3Ј and 5Ј-AGCGCATAGAGCACCGATTG-3Ј. All PCR products were purified with QIAquick Spin (QIAGEN). For 32 P labeling, 1 g of DNA was denatured by heating for 3 min at 95 to 100°C and immediately placed on ice for 2 min before mixing with 50 Ci of [␣-
32 P]dCTP (Amersham Pharmacia Biotech). The mixture was incubated at 37°C for 40 min. The probe was heated to 95 to 100°C and immediately placed on ice before adding to the hybridization solution.
Membranes blotted with RNA were soaked in 2ϫ SSC for 1 min before prehybridizing in the hybridization buffer (1% SDS, 10% [wt/vol] dextran sulfate) for 1 h at 65°C. The denatured DNA probe solution was added to the hybridization buffer. Hybridization was performed for 16 h at 65°C with rotation in a hybridization oven (Robbins Scientific Inc.). Following hybridization, the membrane was washed twice with an excess amount of 2ϫ SSC for 5 min at room temperature, three times in a mixture of 2ϫ SSC and 1% SDS at 60°C for 15 to FIG. 2. Arrangement of arabinose assimilation genes on chromosome 2 (Chr2) in B. thailandensis (Bt). The corresponding regions on B. pseudomallei (Bp) Chr2 and B. mallei (Bm) Chr2 are also shown, including the location of the araA-araH deletion. The percent amino acid (AA) identity was determined using tBlastn, and the results are color coded. The figure also depicts the duplication and movement of araF, araG, and araH to chromosome 1 in both B. pseudomallei and B. mallei. The gene order is conserved, but the identity has decayed to lower than 60%. The exact chromosomal locations of all genes are shown in parentheses. 30 min, and three times with 0.1ϫ SSC at room temperature. After the final wash, the damp membrane was wrapped securely in plastic wrap and exposed to X-ray film for 1 to 3 h.
RESULTS
Tn5-OT182 mutagenesis and isolation of an L-arabinose utilization mutant. To identify genes involved in arabinose utilization, B. thailandensis E264 was mutagenized with Tn5-OT182, and mutants unable to grow using L-arabinose as a sole carbon source were identified. One mutant, RM600, was isolated and studied further. DNA flanking the transposon insertion in RM600 was isolated via self-cloning and sequenced. BLAST analysis revealed that the transposon integration was located in a gene with strong homology to ␣-KSAD from several bacterial species. The enzyme expressed from this gene is part of an L-arabinose assimilation pathway found in a variety of soil bacteria, including Herbaspirillum seropedicae (21), Rhizobium spp. (15) , Azospirillum brasiliense (25) , and Pseudomonas saccharophilia (33) .
Identification of the arabinose assimilation operon in B. thailandensis. We identified a total of nine genes which are likely to be involved in L-arabinose metabolism and suggest a probable assimilation pathway (Fig. 1) based on known Larabinose assimilation pathways in other bacteria (15, 21, 25, 33) . pGSV3 or pGSV3-lux knockout mutants were constructed in the B. thailandensis DW503 L-arabinose assimilation genes, araA, araC, araI, and araE. None of these mutants was able to grow on M9-arabinose agar ( (Fig. 2) . The gene order is conserved, but the amino acid identity of the encoded proteins has dropped to lower than 60%. The similarity of the araFGH genes on chromosome 1 of B. pseudomallei and B. mallei suggests that this duplication occurred before B. mallei diverged from B. pseudomallei.
PCR survey for the presence of ara genes in B. pseudomallei and B. thailandensis isolates. PCR primers ARA1 and ARA2 were designed to amplify a 638-bp product spanning the araAaraB intergenic region of the arabinose utilization locus. Twelve B. thailandensis strains yielded a PCR product of the correct size when tested with this primer pair (Fig. 3A, lanes 13  to 24) . On the other hand, no B. pseudomallei strains yielded a positive PCR result with ARA1 and ARA2 (Fig. 3A, lanes 1 to   12) . Thus, there is a correlation with the presence of the araAaraI genes and the ability to assimilate arabinose in these species. The ARA1 and ARA2 primer pair may be useful for differentiating B. pseudomallei and B. thailandensis in future studies.
All B. pseudomallei and B. mallei strains examined contained the ⌬(araA-araH) mutation. The PCR primer pair ARA1 and ARA3 was designed to amplify a 454-bp product flanking the deletion termini of the arabinose utilization genes of B. pseudomallei K96243 and B. mallei ATCC 23344. Eighteen clinical and environmental B. pseudomallei isolates from Australia and Thailand yielded PCR products of the predicted size with this primer pair (Fig. 3B, lanes 1 to 18) . Furthermore, six B. mallei strains also yielded a positive PCR result with the ARA1 and ARA3 primer pair (Fig. 3B, lanes 19 to 24) . The nucleotide sequences of all of the PCR products were determined, and all contained the same deletion termini that are present in B. pseudomallei K96243 and B. mallei ATCC 23344. The fact that geographically diverse strains all contain the same ⌬(araA-araH) mutation suggests that the loss of arabinose assimilation genes occurred early in the evolution of B. pseudomallei. Since B. mallei is a host-adapted clone of B. pseudomallei, it is not surprising that it also harbors this deletion. Although not shown, B. pseudomallei 406e gave identical results as those obtained for all other B. pseudomallei strains tested.
Induction of genes involved in arabinose metabolism. The expression levels of arabinose dehydrogenase and ␣-KSAD were examined using the pGSV3-lux knockout mutants B. thailandensis RM601 and B. thailandensis RM602. Growing cultures of each mutant received either arabinose, glucose, or both, and induction of arabinose utilization genes was followed via lux-mediated light production. The results of these experiments are shown in Fig. 4 and demonstrate that both arabinose dehydrogenase and ␣-KSAD were rapidly induced by the addition of arabinose or arabinose in the presence of glucose, but not by glucose alone.
The arabinose assimilation operon is present in the chromosome of B. pseudomallei SZ5028. An L-arabinose-utilizing B. pseudomallei strain, SZ5028, was constructed as outlined in Fig. 5 . Two PCR experiments were performed to confirm the integration of pDD5026H and the presence of the arabinose assimilation operon in the chromosome of B. pseudomallei SZ5028. In the first set of reactions, the ARA6 and ARA2 primers were used in an attempt to amplify the 1,136-bp araA gene from B. pseudomallei 1026b, 406e, SZ5026, and SZ5028 and B. thailandensis E264. In the second set of reactions, the ARA-F and ARA-R2 primers were used in an attempt to amplify the entire arabinose assimilation operon from these strains. The araA gene was amplified only from B. pseudomallei SZ5026 and SZ5028 and B. thailandensis E264, as indicated by a band corresponding to the predicted size of 1,136 bp (Fig. 6) . As expected, the araA gene could not be amplified from wildtype B. pseudomallei strains 1026b or 406e due to the deletion of the arabinose assimilation operon, including part of this gene, from the chromosome (Fig. 2) . The presence of the entire araA gene in B. pseudomallei SZ5026 and SZ5028 confirms the integration of pDD157 into the chromosome of SZ5026 and the integration of pDD5026H into the chromosome of SZ5028. Using the primers ARA-F and ARA-R2, the thailandensis arabinose assimilation operon was amplified using PCR. A 1,133-bp PCR product was generated with primers ARA6 and ARA2 and E264 chromosomal DNA. This PCR product was cloned into the suicide vector pSKM11 to produce the plasmid pDD157. The B. thailandensis strain DD5026 was generated by integrating pDD157 into the E264 chromosome. The plasmid pDD5026H was obtained by self-cloning with the restriction enzyme HindIII. This plasmid contains pSKM11 and the entire arabinose assimilation operon from B. thailandensis. pDD5026H was transformed and conjugated to B. pseudomallei 406e to produce an arabinose-utilizing strain of B. pseudomallei. The resulting strain, B. pseudomallei SZ5028, was obtained by integrating pDD5026H into the 406e chromosome. The locations and names of the arabinose genes from B. thailandensis are indicated, and the direction of transcription is represented by arrows. The region of homology between B. thailandensis and B. pseudomallei is indicated. The plasmids pDD157 and pDD5026H are illustrated. The locations of relevant restriction endonuclease recognition sites (Bg, BglII; H, HindIII) are shown. (Fig. 6 ). There was no amplification of the arabinose assimilation operon from wild-type B. pseudomallei 406e or 1026b, nor could the operon be amplified from B. pseudomallei SZ5026, which only contains the araA gene inserted into the chromosome (Fig. 6) .
Amplification of the arabinose assimilation operon also produced two nonspecific PCR products from E264 and SZ5028 DNA, indicated by a 2,700-bp band and a 1,000-bp band in the E264 sample and a 1,000-bp band in the SZ5028 sample (Fig.  5) . The sequence identity of these PCR products is unknown, but these bands were consistently present in previous PCR amplifications of the arabinose assimilation operon from B. thailandensis.
Utilization of L-arabinose by B. pseudomallei SZ5028. B. pseudomallei 406e, SZ5026, and SZ5028 and B. thailandensis E264 were grown in M9 medium containing 0.4% L-arabinose as the sole carbon source or on M9 plus 0.4% arabinose plates. After 24 and 48 h of growth with shaking, the absorbance values (OD 600 ) of the M9 plus 0.4% arabinose cultures were determined. Growth on arabinose plates was determined following incubation of the plates at 37°C for 48 h. As expected, B. pseudomallei 406e was not able to utilize arabinose. The OD 600 values for this strain cultured in M9 plus 0.4% arabinose were 0.016 at 24 h and 0.030 at 48 h, and there was no detectable growth of this strain when grown on M9 plus 0.4% arabinose agar plates. The positive control, B. thailandensis E264, grew on the M9 plus 0.4% arabinose agar plates and in the M9 plus 0.4% arabinose medium, demonstrating OD 600 values of 0.289 at 24 h and 1.374 at 48 h. The strain resulting from the integration of pDD5026H into the 406e chromosome, SZ5028, was found to utilize arabinose at a level comparable to that of B. thailandensis E264. The OD 600 values for SZ5028 grown in M9 plus 0.4% arabinose medium were 0.528 at 24 h and 0.901 at 48 h. In addition, SZ5028 was able to grow on M9 plus 0.4% L-arabinose agar plates, confirming that this strain was capable of arabinose assimilation. The growth of B. pseudomallei SZ5026, the vector control strain, was greater in M9 plus 0.4% arabinose medium compared to growth of 406e, but the growth did not increase between 24 and 48 h compared to that of SZ5028 and E264, the arabinose-assimilating strains. In addition, SZ5026 did not grow on the M9 plus 0.4% Larabinose agar.
B. pseudomallei SZ5028 is attenuated for virulence in the Syrian hamster model of melioidosis. B. pseudomallei 406e, SZ5026, and SZ5028 and B. thailandensis E264 were grown in the presence of LB and LB plus 0.4% L-arabinose and tested for virulence in the Syrian hamster model of melioidosis. The LD 50 for SZ5028 after 48 h was 198 CFU when grown in the presence of LB and 94 CFU when grown in LB plus 0.4% L-arabinose medium, compared to LD 50 values with 406e and SZ5026 of Ͻ10 CFU when grown in either medium, representing an approximately 25-to 50-fold decrease in virulence (Table 3). In these experiments, B. thailandensis E264 had an LD 50 value of Ͼ1,000, although the actual LD 50 value for this strain was previously calculated to be 1.8 ϫ 10 6 CFU (7). Although SZ5028 was more virulent than B. thailandensis E264, it was attenuated for virulence compared to wild-type B. pseudomallei 406e. This suggests that the presence of the arabinose assimilation operon in B. pseudomallei may affect the expression of virulence genes, contributing to decreased virulence of the organism. The difference in virulence between 406e and SZ5028 cannot be attributed to differences in growth rates, since the growth curves of 406e, SZ5026, and SZ5028 were found to be similar (data not shown). When the mutant strain B. thailandensis RM600 (able to grow on LB and M9-glucose but not on M9-arabinose) was tested for virulence in the hamster model, it was found not to be significantly altered in its virulence properties relative to E264 (data not shown). Growth on L-arabinose down-regulates type III secretion genes in B. pseudomallei SZ5028. Microarray analysis of gene regulation in B. pseudomallei SZ5028 grown in the presence of arabinose or glucose using 200-gene microarrays demonstrated that a number of genes involved in one of the TTSSs were down-regulated during growth in M9 plus 1.0% arabinose compared to growth in M9 plus 1.0% glucose (Fig. 7) . Of the total of 200 genes examined, 4 genes showed decreased expression. All four genes belonged to a TTSS (TTSS3) homologous with the Salmonella SPI-1 pathogenicity island (3), with the greatest difference (7.7-fold) being noted for a gene encoding an AraC-like transcriptional regulator (28) ( Table 4 ). The putative regulator is a homologue of the TTSS positive regulator InvF in Salmonella, MxiE in Shigella, and VirF in Yersinia and was recently named bsaN (32) . Furthermore, other TTSS genes encoding structural proteins were significantly down-regulated (2.0-to 3.1-fold) (Table 4 ), although they were not reduced to the same extent as the bsaN regulator gene. This result suggests that bsaN is a positive transcriptional regulator of the B. pseudomallei TTSS3 cluster whose activity is decreased directly or indirectly by the presence of arabinose or the absence of glucose.
Interestingly, results from analysis of the whole-genome microarrays were similar to those obtained from the 200-gene microarrays. Of a total of 4,375 genes examined using the whole-genome arrays, 211 genes showed differentiated expression. We found that 24 out of the 32 linked genes located in chromosome 2 (coordinates from 2073665 to 2105918) were significantly down-regulated, with 95% confidence, in M9 plus 1.0% arabinose compared to M9 plus 1.0% glucose (Table 5) a Mean log 2 (I Ara /I Glu ) ϭ average value of the log 2 -based ratio of intensities from two channels of the microarray: growth in arabinose versus growth in glucose. A negative number denotes down-regulation in arabinose. Only genes which displayed at least a twofold decrease [log 2 (I Ara /I Glu ) Յ Ϫ1] in expression are listed. Results are the average of two independent RNA isolations with reverse labeling of each sample (dye swap), resulting in a total of four analyses. 
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Continued on following page experiments, these are homologous with TTSS genes. It was, however, interesting that a significant number of putative TTSS genes were newly identified from this analysis. In particular, the genes corresponding to footnote a in Table 5 are located outside of the projected boundaries for the B. pseudomallei and B. mallei type III secretion operons. Further, two of the coordinately regulated TTSS genes are annotated as putative exported proteins and may be genes coding for the secreted effector molecules of this TTSS. Northern blot analysis confirmed the microarray data. Figure 8 represents the results from the Northern blot analyses of specific gene expression. These data confirmed the results from the microarray analyses in that specific type III secretion genes were repressed in B. pseudomallei strain SZ5028 when the organisms were grown in arabinose versus glucose. Additionally, the data indicate that strains B. pseudomallei 406e and SZ5028 are isogenic and that the difference in virulence between these strains was not due to effects from the integration of a plasmid which is Ͼ13 kb in size, as genes flanking the integration site were not altered in their expression.
DISCUSSION
Arabinose metabolism has historically been a primary means of distinguishing between virulent and avirulent strains of Burkholderia spp. isolated from the soils of northern Thailand. We now know that two closely related Burkholderia species reside in the soil and that the ability to metabolize arabinose distinguishes avirulent B. thailandensis from its virulent close relative, B. pseudomallei (31) .
In this study we characterized arabinose metabolism in B. thailandensis and examined the role of the L-arabinose assimilation operon in the virulence of B. pseudomallei. We were able to generate a transposon mutant in B. thailandensis that was unable to utilize L-arabinose as a sole carbon source. Using this mutant, we identified an L-arabinose assimilation operon consisting of nine genes, including a transcriptional regulator. The presence of these genes suggested a metabolic pathway similar to that found in a variety of soil bacteria. Using luxfusion constructs, we were able to demonstrate that the operon is inducible by L-arabinose but not by D-glucose. Although unable to utilize arabinose as a sole carbon source, sequence data have shown that the B. pseudomallei chromosome contains at least two regions of the arabinose assimilation operon found in B. thailandensis. These regions include a portion of araA, which encodes the arabinose assimilation operon regulator, and a portion of araH (involved in L-arabinose transport) and araI (L-arabinolactonase). These observations suggest that at one time, the B. pseudomallei chromosome contained an intact L-arabinose assimilation operon.
To examine what effect L-arabinose assimilation genes might have on the virulence of B. pseudomallei, we introduced the L-arabinose assimilation operon from B. thailandensis into B. pseudomallei 406e, generating the strain SZ5028. B. pseudomallei SZ5028 was able to grow in minimal medium containing L-arabinose as the sole carbon source. The presence of the L-arabinose assimilation operon in SZ5028 reduced virulence in this strain. Using the Syrian hamster model of B. pseudomallei infection, we found that SZ5028 had a significantly higher LD 50 than did the parent strain, B. pseudomallei 406e (198 CFU versus Ͻ10 CFU), although SZ5028 remained much more virulent than B. thailandensis (LD 50 ϭ 1.8 ϫ 10 6 CFU). A similar increase in LD 50 values has also been observed in mutant strains of B. pseudomallei which were singly deficient in other virulence factors, including serum resistance (13), motility (14) , or type III secretion (J. Warawa and D. E. Woods, submitted for publication). Given the detrimental effects of arabinose upon B. pseudomallei virulence, we found it interesting that the growth of B. pseudomallei with arabinose as the sole carbon source resulted in the down-regulation of genes of TTSS3-the Salmonella-like gene cluster required for virulence in hamsters. The microarray results have provided a direct link between the attenuation of virulence associated with arabinose utilization and down-regulation of TTSS3 functional activity. Further, our microarray data demonstrated that the transcription of the gene for a putative positive regulator of TTSS3, bsaN, was reduced during growth with arabinose. BsaN is predicted to be a member of the AraC family of transcriptional regulators, which appear to be common in mammaliantargeting TTSS clusters, such as VirF, PerA, ExsA, MxiE, and InvF in Yersinia, enteropathogenic E. coli, Pseudomonas, Shigella, and Salmonella, respectively. AraC, in E. coli, acts as either a positive or negative regulator and is encoded within the arabinose utilization operon, and its activity is affected by the direct binding of arabinose (for review, see reference 29). We hypothesize that arabinose directly binds the AraC homo- logue, BsaN, and thereby inactivates the positive transcriptional regulation of TTSS3 genes in B. pseudomallei. The studies to test this hypothesis are ongoing, and the results from these studies could have significant implications for a wide range of TTSSs in mammalian pathogens whereby arabinose may act as an inhibitor of TTSS-mediated pathogenesis. The abundance of L-arabinose in the environment presumably provides B. thailandensis a means of easily acquiring necessary carbon as well as the ability to compete with other soil microorganisms. However, arabinose metabolism may have been detrimental to an organism shifting from a soil environment to the environment of an animal host, resulting in negative selection for arabinose metabolism genes. As such, Larabinose assimilation genes may be classified as antivirulence genes, as put forth by Maurelli et al. (22) . Loss of this function may have had little consequence in regard to survival in tropical soils, where a variety of other carbohydrates might be readily available, but this loss may have been critical for success as an animal pathogen. Loss of an antivirulence metabolic pathway combined with the acquisition of virulence genes, such as those responsible for capsule synthesis (26) and TTSSs, may have allowed B. pseudomallei a means of thriving in both soil and animal environments. It has been proposed that B. mallei evolved from B. pseudomallei (17) and, thus, it is likely that the advantages that loss of arabinose assimilation genes provided were shared with B. mallei as it adapted to the more restrictive environment presented to a host-adapted pathogen unable to persist outside of an equine host.
It was interesting that the ability of the B. thailandensis arabinose utilization locus to affect expression of virulence genes in B. pseudomallei and B. mallei using whole-genome DNA microarray analysis provided results similar to those obtained using significantly smaller 200-gene microarrays. Most certainly, small gene arrays have been used in other studies with different organisms and have yielded important and significant results (2, (18) (19) (20) . In our studies, we have provided additional documentation for the utility of small gene arrays in the analysis of gene expression, and it is clear that intuitive selection of specific genes for the construction of small gene arrays can lead to important conclusions regarding gene expression under various environmental conditions.
